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(S4) WATER-REPELLENT POROUS SIUCA, METHOD FOR PREPARATION THEREOF AND USE 
THEREOF 



(57) Water-repellent porous silica having uniform 
pore*: which comprises silica skeleton wherein fluorine 
atoms are fixed through covabnt bonds and which has 
an alkali metal content of not more than 1 0 ppb, is syn- 
thesized. By the watsr-repotfont porous silica, a water- 



repellent porous silica film having uniform poros, which 
Is applicable to e light functional material or en electron 
functional material, a process for preparing the same 
and uses thereof can be provided. 
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Description 

TECHNICAL FIELD 

[0001] The present invention relates to water-repel- 5 
lent porous silica having uniform mesopores, ihat is ap- 
plicable to catalyst carrier, adsorbent, light functional 
material, electron functional material and trie like, a 
process for preparing the water-repellent porous silica, 
end uses of the water-repellent porous silica to 

BACKGROUND ART 

[0002] Porous inorganic compounds having uniform 
mesopores have Id rger pores than conventional oxides 
such as zeolite, and application of those compounds to 
catalyst earner, separation adsoroeni, tuel battery and 
sensor has been studied. 

[0003] As lor * process Tor preparing such an oxide 
having uniform mesopores, a process utilizing control oT bo 
the structure of an inorganic material by the use ot an 
organic compound has been paid attention because an 
oxide of novel shape and structure can be obtaffied. In 
particular, an oxido having uniform mesopores, that is 
synthesized by utilizing self organization of en organic & 
compound and an inorganic compound, is known to 
have a larger pore volume and a larger surface area 
than conventional oxides such as 2eollte. 
[0004] as a process for preparing an Oxide having uni- 
form pores utilizing self organization of an organic com- 30 
pound and an inorganic compound, a process compris- 
ing subjecting a silica gel and a surface active agent to 
hy drat hernial synthesis reaction In a heat-resistant 
closed vessel to prepare such an oxide Is described In. 
for example. W091/11 380, In BuV. Chero. Sec. Jp.> Vol. as 
63. p. 9BC (1990). a process comprising subjecting 
kanemlte that is a kind of a layered silicate and a surface 
active agent to ion exchange to prepare such an oxide 
is described. 

[00X15] On the other hand, the oxide having uniform 40 
mesopores has a defect that the oxide is liable to adsorb 
moisture because of Its large pore volume and surface 
area. That is to say. the oxide having uniform mesopores 
prepared as described above has a large pore volume 
and contains a great number of hydroxyl groups prGSQrtl ** 
on the pore surfaces. Therefore, the oxide has high 
moisture adsorption properties, and the structure of the 
oxide is changed by the adsorbed water or the periodic 
structure of the pores is d is integrated. 
[0006] Many patents to improve the moisture adsorp* 50 
tion properties have been applied so far. For example, 
it is described in Japanese Patont Laid-Open Publica- 
tion No. 14413/1 961 that an organosflicon hallds com- 
pound as a starting material Is allowed to react with Si0 2 
in an organic solvent lo dovolop water repel loncy. In this 55 
case, the organic group imparts water repeliency to 
SIO*. 

[0007] Surface treatments of silica and a si! ica gel are 



described In various publications. In Japanese Patent 
Laid-Open Publication No. 1H1 71 571 983. treatment with 
an organ osllane halide and water vapor Is described; in 
Japanese Patent Laid-Open Publication No. 
295226/1 9B6 ; treatment with silicone or the like is de- 
scribed; in Japanese Patent Laid-Open Publication No. 
6941 671 990. bonding to a hydrophobic organic group is 
described; in Japanese Patent Laid-Open Publication 
No. 1 07502/1990, treatment with a fluorinating agent in 
the presence of water Is described; in Japanese Patent 
Laid-Open Publication No. 196342/1995, treatment by 
Immersion of a substrate In a solution obtained by add- 
ing NH 4 F to a water-based solution of alkoxysilane is 
described; and in Japanese Patent Laid-Open Publica- 
tions No. 157643/1996, No. 242717/1997, No. 
254Z7/198S and No. 140047/1998, treatment of an in- 
organic oxide with a fluorine-contBinIng organosiicon 
compound as a surface treating agent Is deserted. All 
or these methods have improved moisture adsorption 
properties of silica. 

[0008] further In EP0799791, treatment with a sili- 
cone oiJ having an epoxy group or with an amine com- 
pound having an amino group is described; in Chinese 
Patent No. 1 ,072,654, treatment using amino or pyrro- 
lidine Is described; end in US. Patent No. 4,164,509, 
sulfonic acid treatment is descried. Moreover, m Jap* 
aneee Patent Laid-Open Publication No. 92821/1964, 
treatment comprising hyoVolyiing tetraethoxysllane and 
coating a substrate with the hydrolysis solution is de- 
scribed; in U-S- Patent No. 4,569.833. treatment by con- 
tact with SiF 4 to improve water ropelloncy is described; 
and in U.S. Patent No. 4,054,669, treatment by contact 
with a hf gas to improve water repellency Is described. 
[0009] The above mat hods, however, are all surface 
treatments of silica, and it is difficult to homogeneously 
treating inside surfaces of pores of the porous silica, in 
addition, they are not satisfactory as methods to im- 
prove moisture adsorption properties of the porous ma- 
terials from the viewpoint of application of the resulting 
silica to light functional materials or electron functional 
materials, because there are disadvantages such that 
the treatment in water disintegrates the pore structure, 
the treatment with an organ ic mate rial results in low heat 
resistance, and the F treatment by the contact with a 
gas results In onfy a temporary effect. 
[0010] in Meterfais Letters 42 (2000). pp. 102-107, e 
process for preparing water-repellent porous silica hav- 
ing uniform pores, comprising drop wise adding a HF so- 
lution to a caustic soda solution of silica and performing 
hydrothcrmal synthesis is described. From the porous 
silica prepared by this process, however, any fBm cannot 
be formed. In addition. Na remaining in silica hinders 
application of the silica to a light functional material or 
an electron functional material. 

[0011] On the other hand, films comprising oxides 
having uniform mesopores have been proposed recent- 
ly, and application of those films to Tight functional ma- 
terials or electron functional materials has been highly 
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expected. For example, in M&ture, Vol. 379, p. 703 
(1 996), a process comprising placing a mica board In a 
solution essentially consisting of tetraalkoxysilane and 
a surface active ageni to term a film on a surface ot ths 
mica is described; in Nature, Vol. 3B1 , p. 5B9 (1996), a 
process for forming a film on a liquid level of a solution 
essentially consisting of tetraalkoxysilane and a surface 
active agent is described; and In Science, Vol. 273, p. 
768 (1996), a process for forming a film on an interlace 
between an oil layer containing tetraalkoxysilane and a 
water layer containing a surface active agent is de* 
scrfced. These processes, however, industrially have a 
problem that a long period of time is necessary lor the 
formation of a film and a large amount of a powder is 
produced as a by-product together with the film. 
[0012] in Japanese Patent Lard-Open Publication NO. 
1 94296/1 997, a process comprising Coating a substrate 
with a solution essentially consisting ot tetraaikoxysh 
lane and a surface active agom to Form a film having 
pores regularly disposed is disclosed. In WO99/37705, 
a process f or forming a film, which comprises converting 
a surface active agent into an amphlphatic block copol- 
ymer to make poree large, is disclosed. These process- 
OS ero industrially useful because films are produced for 
a short period of time. In the resulting porous films hav- 
ing uniform pores, however, gradual variation of trta 
structure or disintegration of the periodic structure of 
pores lakes place because of the aforesaid moisture ad- 
sorption properties, and thereby the conductivity be- 
comes high. Thus, these porous films have a problem 
when they are applied to light functional materials or 
electron functional materials. 

[001 3J Accordingly, development of a highly water-re- 
pellent film having uniform pores has been eagerly de- 
sired. 

DISCLOSURE OP THE INVENTION 

[0014] it is ah object of the present Invention to pro- 
vide water-repellent porous silica having uniform pores, 
that Is applicable to a light functional material or an elec- 
tron functional material, and to provide a silica film., a 
precursor solution for forming the Silica, a process tor 
preparing the silica and uses of the silica. 
(0016] As a result of earnest studies to achieve the 
above-mentioned object, the present Invention has 
been accomplished. 

[0016] The water-repellent porous silica according to 
the present invention is water-repellent porous silica 
having uniform pores, which comprises silica skeleton 
wherein fluorine atoms are fixed through covalent bends 
and -which has an alkali metal content of not more than 
10 ppb. 

[00171 Tno fluorine content in the silica skeleton Is 
preferably In the range of 0.3 to 16.0 % by weight. 
[0018] It is preferable that the mean pore size of pores 
of the porous silica is in the range cf 1 3 to 10 nm and 
the porous silica has a p anodic crystal structure of hex- 



agonal system when examined by X-ray dlff ractornetry. 
(001 9] ft Is also preferable that the mean pore -size is 
in the range of 1 3 to 10 nm and the porous silica has a 
crystal structure of irregular arrangement. 

6 [0020] The process ot the present invention for pre- 
paring the water-repellent porous sBIca having uniform 
pores, said sIBca comprising silica skeleton wherein flu- 
orine atoms are fixed through covalent bonds, compris- 
es the steps of partially hydrolyzing a fluorine-conlalnlng 

10 trialkoxysilane represented by the following formula and 
a tetraalkoxysilane under acidic condtion. then drying 
a solution resulting from the hydrolysis and mixed with 
a surface active agent, and removing the surface active 
agent or extraction; 

is 

<ZO) a Sift 

wherein Z Is methyl, eihyl, n-propyl, t-prepyl, n-buryi, L- 
so butyl, hbutyl or sec-butyl, and R is a fluorine atom, 
(CHJ^CF^yOfCF^aX (X is a fluorine atom, GO** 
0CF(CF 3 ) 2 . 0C(CF3) 3 . an alkyl group or a phenyl gn>up ; 
a is a number of 0 to 3, b is a number ot 0 to 3, c Is a 
number of 1 to 3, and d is a number of 0 to 3) or 
25 Ce H e F <5-»j number of 0 to 4). 

[0021] When the desired water-repeflent porous silica 
Is a powder, the solution can be dr'nd by Spray drying. 
[0022] The f luorlne-contelnlng trialkoxysilane is pref- 
erably triethoxyfluorosllnne. 
30 [0023] The tetraaikoxysilane is preferably tetraethox- 
ysllane. 

[0024] The molar ratio of tho fluorine-COntainlng tri- 
alkoxysilane to the tetraalkoxysilane Is preferably in the 
range of 0.01 to 1.2. 

35 [0026] The number of moles of the surface active 
agent is preferably in the range of 0 003 to 1 time the 
sum of tho numbers of moles of the fluorine-containing 
trialkoxysilane and the tetraalkoxysilane. 
[0O26J The surface active agent Is preferably an alky- 

40 lammonlum salt represented by the following formula: 

45 wherein n is an Integer of b to 24, and x is a hailde ion, 
HS0 4 - or en organic anion. 

[0027] The surface active ag^ent Is also preferably a 
compound having a pcryelkylene oxide structure. 
[0026] The film according to the present Invention Is 

so a film comprising the water- repellent porous silica. 

[0029] The thicknose of tho water-repellent porous sil- 
ica film Is preferably in the range <rf 0 01 j*m to 2.0 mm. 
[0030] The water-repellent porous silica film can be 
used as a layer insulation film. 

55 [0031] The precursor solution according to the 
present invention is a precursor solution for forming the 
water-repellent porous silica. 

[0032] Tho precursor solution for forming the water- 
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repeflont porous sitiCA Is obtained by partially hydroly7- 
ing a fluorine-containing triarkoxysilane represented by 
the fallowing formula and a tetraatkoxysilana under 
acidic condition and then mixing the resulting hydrolysis 
solution with a surface active agent: 

(ZO) 3 SiR 

wherein Z is methyl, ethyl, n-propyl, l-propyl, n-butyl, t- 
butyl, l-butyt or scobutyl, and R is a fluorine atom, 
(CH^^CCF^tO^Fa)^ (X is b fluorine atom, OCFa, 
OCF(CF a ) 2 , OC(CF 3 ) 5 , an eikyl group or a phenyl group, 
a is a number of 0 to 3. b is a number of 0 to 3, c is a 
number of 1 to 3 ; *and d is a number of 0 to 3) or 
C 6 H 9 F <5 ^j (e is a number of 0 to 4). 
(0033) In the precursor solution tor the forming water- 
repellent porous silica, The molar ratio of the fluorine- 
containing Irialkoxysilanc lo the letraalkoxysllane is 
preferably ii the range of 0.01 to 1 z. 
[0034] In the precursor solution for forming the water- 
repellent porous silica; the number of moles of the sur- 
face active agent is preferably in the range of 0.003 to 
1 time the sum of the numbers of moles of tho fluorine- 
containing trfalkexysilano and the tetraafkoxysilane. 
[0035] "Trie surface active agent used for the precur- 
sor solution for forming the water-repellent porous silica 
is preferably an alkyiammonium salt rap resented by the 
following formula: 

C„H^N(CH 3 ) 3 X 

wherein n Is an integer of 8 to 24, and X is a hairdo ion, 
HS<V or an organic anion. 

[0036] The surface active agent used for the precur- 
sor solution for forming Ihe water-repellent porous silica 
is also preferably a compound having apotyatkylenc ox- 
ido structure. 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0037] The present invention is described in detail 
hereinafter. 

[0036] For preparing water -repellent porous silica 
having uniform pores, which Comprises silica skeleton 
wherein fluorine atoms are fixed through covalent 
bonds, hydrolysis reaction of a fluorine -contain ing tri- 
al koxysilane with & letraalkoxysllane Is carried out first. 
[0039] Through the hydrolysis reaction, the fluorine- 
containing trialkoxysilanc and the tetraalkoxysilane arc 
co-condensed, and fluorine atoms to develop water re- 
peltency are tiighly dispersed and fixed In the copolymer 
which becomes a body of a silica film. 
[0040] The hydrolysis Is desired to be carried our in 
the pH range of 1 to 4. As the pH adjusting agent, any 
acid is employable, and examples thereof include hy- 
drochloric acid, hydrobromic acid, nitric acid and sulfuric 



acid. 

[0041] Examples of the fluorine-containing trialkox- 
ysilanes include triroethoxytluorosilane, trielhoxyfluor- 
osilane, trllsoprcpoxyfluorosilane end tributoxyfluorosi- 

5 lane. In particular, use of trielhoxyfluorosflane Is prefer- 
able. The fluorine-containing trialkoxysilanes can be 
used singly or in combination of two or more kinds. 
[0042] Examples of the tetraalkoxysilancs include te- 
tramethoxysilane, letreethoxyellane. tetraSsopropoxysi- 

io Jane and tctrabutylsiiane. In particular, use of teiraethcx- 
ysHane Is preferable. 

[D043] The hydrolysis is carried out by adding a pH 
adjusting agent and water to the fluorine-containing tri- 
aikoxysilane and the tetraalkoxysitane. The amount of 
is water added ts In the range of preferably 0.5 to 2Q mol 
based on 1 moi of the alkoxysliane, and the hydrolysis 
is desirably conducted at room temperature for several 
minutes to 5 hours. 

[0044] The hydrolysis may be conducted in the pres- 
to ertce of a solvent. Examples of the solvents employable 
include primary alcohols, such as methanol, othanol and 
1-propanol; secondary alcohols, such as 2-propanol 
and 2-butanoi; ternary alcohols, such as tertiary butyl 
alcohol; acetone: and acotonttriks. Tho solvents can bo 
£ff used singly or in combination of two or more kinds. 
[0045] By changing tho molar ratio of the fluorine-con- 
taining trlalkoxysllane to .the tetraal koxysilane, the 
amounts of the fluorine atoms capable of being fixed In 
the silica skeleton can be changed. The f luorineconteni 
no jn the silica skeleton can be measured by elemontal 
analysis. The fluorine content in the silica skeleton is In 
the range of preferably 0.3 to 15 0 % by weight, more 
preferably 0.3 to 10 0 % by weight, particularly prefera- 
bly 0.5 to 7.0 % by weight. 
3$ [0046] The crystal structure can be confirmed by X- 
ray drffractometry. In order to obtain water-repellent po- 
rous silica having a hexagonal periodic crystal structure 
and having pores of uniform sizes, the molar ratio of the 
fluorine-containing triatkoxysilane to tho tetraalkoxysi- 
40 jane is in the range of preferably 0.01 to 1 .2, more pref- 
erably 0.01 to 0.5, particularly preferably 0.05 to 0,3. If 
the molar ratio is less than the lower limit of the above 
range, the effect of water repellency cannot be obtained. 
?1 tho molar ratio rs more than the upper limit of the above 
45 range, the pore eize& become ununliorm and a hexag- 
onal periodic crystal structure cannot be formed occa- 
sionally. Even If Ihe molar ratio Is In the above range, a 
periodic crystal structure having microscopically hexag- 
onal system formed by variation of the arrangement at 
so short Intervals but having no distinguishable peak found 
by X-ray dir7ractometry P namely, a crystal structure of so- 
called irregular arrangement is obtained depending up- 
on the preparatJon'condttrons. Even In this case, how- 
over, tho resulting silica has uniform pores having equal 
55 e&es. 

[0O47J The alkali metal present in the silica, even In a 
slight amount, hinders application of the silica to an elec- 
tron functional material, so that the amount of the alkali 
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metal contained in the silica is desirod to bo as email as 
possible. More specifically, the content of the alkali met- 
al in the water-repellent porous silica is preferably not 
more than 10 ppb. The influence of the alkali metal can 
be generally judged by measuring electrical properties 
of a film or the like produced from the silica. 
[004*] After the hydrolysis reaction of the fluorine- 
contalning trial koxysi lane with the tetraatkoxysilane, a 
surface active agent Is added, and the mixture Is stirred 
for preferably several minutes to 5 hours, whereby a pre- 
cursor solution for forming water-repellent porous silica 
can be obtained. 

[0049] I! is desirable to use a compound having a 
long-chain alkyl group and a hydrophnic group as the 
surface active agent. The long-chain alkyl group Is pref- 
erably one having 8 to 24 carbon atoms. Examples or 
the hydrophilic groups include a quaternary ammonium 
salt, an amino group, a nitroso group, a hydroxy! group 
and a cwt>o*yl group. Specifically, il is preferable lo use 
an elkylammonium sail represented by the following for- 
mula: 

C n H Zjw1 N(CH 3 ) 3 X 

whorein n is an integer of b to 24, and X is a halido ion, 
HS0 4 - or an organic anion. 

[0050] By changing the molar ratio between the sur- 
face active agent added and the alkoxysilano. the crys- 
talstructure of the resulting water- repeUent porous silica 
can be controlled. 

[O0S1] When the surface active agent Is an alkylam- 
monium satt> the number of moles of tho surface active 
agent is in the range of preferably 0.03 to 1 tlme : more 
preferably 0 05 to 0 2 time, the sum of the numbers of 
moles of the fluorine- containing trialkoxysOane and the 
tetraalkoxysilane. ff the amount of the surface active 
agent is smaller than tha above amount, extra silica in- 
capable of contributing to self organization is present 
and ihs porosity is markedly lowered. If the amount of 
the surface active agent is larger than the above 
amount, a hexagonal periodic crystal structure having 
uniform pores cannot be formed, resulting in disadvan- 
tages such as disintegration of the structure during the 
calcining. 

[0052] As the surface active agent, a compound hav- 
ing a poh/alkylenc oxide structure 2s also employable. 
Examples of the pelyalkylene oxide structures include 
polyethylene oxide structure, polypropylene oxide struc- 
ture, polytot ram ethylene oxide structure and polybuty- 
Icnc oxide structure. Examples of such compounds Irv 
dudo other typo compounds, such as poryoxyethylcncA 
pofyoxypropylene block copolymer, poJyoxyethylene 
poJyoxypropylone alkyl cthor, polyethylene alkyl ether 
and poryoxyethylene atkyl phenyl ether, end ether eater 
hype compounde,euch as poiyoxyethytene glycerine fat- 
ry add ester, polyoxyethylone sorbltan fatty add ester, 
polyethylene sorbitol fatty acid ester, sortoitan fatty acid 



ester propylene glycol fatty acid ester and sucrose fatty 
acka ester. 

[0053] When the surface active agent is a compound 
having a poryalkylene oxide structure, the number of 
s moles of the surface active agent is in the range of pref- 
erably 0.003 to 0.05 time, more preferably 0 005 to 0.03 
time, the sum of the numbers of molas of the fluorine- 
containing triaOcoxyeilane and the tetraalkoxysilane It 
the amount of the surface active agent is smaller than 
to the above amount, extra silica Incapable of contributing 
to self organization is present and the porosity is mark- 
edly lowered occasionally. If the amount of tha surface 
active agent is larger than the above amount, a hexag- 
onal periodic crystal structure having uniform pores can- 
's not be formed^ resulting In disadvantages such as <Es- 
in teg ration ol the structure during the remove! of the sur- 
face active agent. 

[0054] The surface active agent may be added In the 
form of a solid or a solution obtained by dissolving the 
so surface active agent In a solvent or a hydrolysis solution 
of alkoxysilane. 

[0055] The precursor solution obtained by the addi- 
tion of the surface active agent is dried, end then the 
surf aco active agent is removed by calcining or extrac- 
ts tion, whereby water-repellent porous silica can be ob- 
tained. 

[0056] With the precursor solution, a substrato is coat- 
ed, and the solution is dried. Then, the surface active 
agent is removed by calcining or extraction, whereby a 

so water-repellent porous silica Mm can be obtained. 

[0057] The drying conditions are not specifically re- 
stricted, and any condition is available as far as the sol- 
vent can bo evaporated. When the desired water-repel- 
lent porous silica Is a powder, the solution is preferably 

55 dried by Spray drying. 

[0058] Likewise , the calcining conditions are not spe- 
cif IcaKy restricted, and any temperature is available as 
far as the surface active agent can be removed at that 
temperature. The calcining may be carried out in the at- 

*o mosphere or inert gas, or in vacuo . 

[0059) The porous silica obtained as above is appli- 
cable to a catalyst carrier or a filler. 

[0060) The porous silica film obtained as above ex- 
hibits high water repellency and high transparency oven 

45 when it is in a serf -supporting state or tt Is bonded to a 
substrate, and hones the film is applicable to a light func- 
tional material or an electron functional material, such 
as layer insulation film, electron recording medium, 
transparent conductive film, solid electrolyte, light wave- 

so guiding channel or color member for LCD. Particularly, 
the layer Insulation film needs to have strength, heat re- 
sistance and low dielectric constant (high porosity), and 
the water-repellent porous silica film having such uni- 
form pores is promising. 

ss [0061] Tho term "water repeliency - used herein 
means such a state that even If operations consisting of 
sufficiently exposing porous silica in the form of a film 
Or a powder to a nitrogen atmosphere at a temperature 
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of 25*0 and a relative humidity o! 90 % and then putting 
It back In a dry nitrogen atmosphere arc repeated, the 
porous silica is substantial V free from weight change or 
structure disintegration due to water adsorption. Thoro- 
fore. small change in weigh! due to water adsorption 
means high water repoifancy, and hence the weight 
change is preferably as small as possible, particularly 
preferably not more than 3 % by weight- 
[0062] As the substrate on which a film of the water- 
repellent porous silica is formed , any material that is 
generally used is employable. Examples of the sub- 
strates include glass , quarts, silicon wafer and stainless 
steel. The substrate may have any shape such as a 
shape of plate or dish. 

[0063] Examples of methods for coating the substrate 
include general ones such as spin coating, cast coating 
and dip coating. In case of spin coating, tne substrate ts 
placed on a spinner, then a sample is dropped on the 
substrate, and the subslrule Is rotated al 500 to 10000 
rpm, whereby a water-repellent silica film having a unh 
form thickness can be obtained. 

EXAMPLE 

[0064] The present Invention is further described with 
reference to the following examples. 

Moisture adsorption test 

[00$5] Jn the examples, the moisture adsorption test 
was carried out in the following manner. 
[0086] First, a specimen was calcined at 400°C and 
then allowed to stand still in a stream of dry nitrogen at 
room temperature until a constant weight was reached. 
Next, the specimen was allowed to stand still in a nitro- 
gen atmosphere for 10 minutes at a relative humidity of 
90 %. Then, the specimen was put back in a stream of 
dry nitrogen again and allowed to stand sill until a con- 
stant weight was reached. These operations were re- 
peated 20 times, and when a constant weight was 
reached in the stream of dry nitrogen, the weight was 
measured, A difference between the measured weight 
and the initial weight was calculated to determine weight 
change. 

[0067] Increase in the weight of the specimen in this 
moisture adsorption test means Increase in the ad- 
sorbed water or the specimen, «nd small change in 
weight means high water repellency. 

Example 1 

[006B] TotractboxyBilenc <70 g) , tricthoxyfiuorosilanc 
(0 3 g) and 1-propanol (17 ml) were mixed and stirred. 
To the mixture, 0 4 ml of 1N hydrochloric acid and 2,0 
ml ot water were added, followed by further stirring. 
Then. 9.0 ml of 2-butanoi was added, and the mixture 
was mixed with a solution of O AS g of oetynrimetbylam- 
monium chloride in 4.5 ml of water. After stirring for 2 



hours, a transparent homogeneous precursor solution 
was obtained. Several droplets of the precursor solution 
were placed on a surface of a glass plate, and the glass 
plate was rotated at 2000 rpm for 10 seconds to form a 

5 film on the glass plate surface. By the X-ray dlfl ractorn- 
etry, the film obtained was found to have a structure of 
periodic arrangement having a spacing of 33 nm. 
[0069] By the X-ray dlflraclometry, further the film 
was found to retain a structure of periodic arrangement 

10 having a spacing of 2.9 nm even after drying and then 
calcining al 400*0, and it was confirmed from a section- 
al photograph of the film thai the pores had a hexagonal 
arrangement structure. As a result of measurement of 
a film thickness by a Aim thickness meter, the film proved 

*5 to have a uniform thickness of 0.2 am In the moisture 
adsorption test ct the ftav the weight change was sub- 
stantially 0 % by weight, and this film proved to bo a 
porous film having high water repellency. 
[0070] Then . Lhe porous ram was saturated with water 

20 and allowed lo adsorb water In a humidifier at 40*c tor 
24 hours, followed by heating under vacuum. The 
amount of water liberated by the heating under vacuum 
was enaly2ed by a quadrupoie mass spoctrometer (re- 
ferred to as a "Q-maes* horoinaftor). As a result, water 

25 liberation was not observed, and from this, it was con- 
firmed thai water wee not substantially adsorbed inside 
the film pores. 



so 



Comparative Example 1 



[0071 J A f Jfrn was formed on a glass plats in the same 
manner as in Exampto 1 , except that triethoxyfluorosi- 
lane was not added. By the X-ray dlffractometry, the film 
was found to have a structure of periodic arrangement 

3$ having a spacing of 2,B nm after CBlcining at 400°C> and 
It was confirmed from a sectional photograph of the film 
that the pores had a hexagonal arrangement structure. 
In the moisture adsorption test of the film, the weight 
gradually increased, and a weight change of & % by 

4Q weight was observed after the completion of 20 times of 
the operations. From this result, h was confirmed that 
the film had poor water repellency and water was ad- 
sorbed by the film. 

[O072] Then, the porous film was saturated with water 
*5 and allowed to adsorb water in a humidifier at 40°C for 
24 hours, followed by heating under vacuum. The 
amount of w titer liberated by lhe healing under vacuum 
was analyzed bye Q-mass, As a result, water liberation 
was great, and from this, rt was confirmed thai waterwas 
*0 adsorbed inside the trim pores. 

Example 2 

[0073] A precursor solution prepared in the same 
55 manner as in Example 1 was subjected to spray drying 
to obtain a dry powder. By the X-ray drffractometry, the 
powder obtained was found to have a periodic hexago- 
nal arrangement structure having a Spacing of 3,5 nm. 
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By the X-ray diflmciometry, furtner, the powder was 
lound to retain a periodic hexagonal structure having a 
spacing of 2.8 nm even after drying and then calcining 
at 400°C, Moreover it was confirmed by the elemental 
analysis that fluorine atoms were present in the powder 
in amounts of 1 .04 % by weight and the amounts 01 so- 
dium atoms were below the limit of detection (below 10 
ppb). In the moisture adsorption test ol The powder, the 
weight change was substantially 0 % by weight, and this 
powder proved to be porous silica heving high water re- 
peltency. 

[0074] Then, the powder was saturated with water 
and allowed to adsorb water In a humidifier at 40 B C for 
24 hours, followed by heating under vacuum. The 
amount ol water Rberated by the hosting of the powder 
under vacuum was analyzed by a Q-mass. As a result 
water liberation was not observed* and from this, it was 
confirmed mat water was not substantially adsorbed in- 
side the powder pores. 

Comparatrve Example 2 

[0075] Into a solution of 2.16 g of sodium hydroxide 
In 90 g of water, 6 g of silica was introduced, and they 
were stirred at B0°C for 2 hours. To the solution, 1 8.2 g 
of cetyftrimethylammonlum bromide was added, fol- 
lowed by stirring at room temperature lor 1 hour. To the 
solution, a solution of 0.68 g of 40 wl% hydrofluoric acid 
in 90 g of water wfl6 further added. The mixture was 
stirred at room temperature for 2 hours and men allowed 
to stand at 1 00°C for 3 days in an autoclave to prepare 
a powder The powder was filtered, washed with a large 
amount of water, dried at 1 00 a C for one day and night 
and calcined at 550 C C tor 1 0 hours in air. By the X-rey 
dlffractomelry, the powder obtained was found to have 
a periodic hex agonal structure having a spacing of 3.4 
nm. Further, ft was confirmed by the elemental analysis 
that fluorine atoms were contained in amounts of 0.68 
% by weight and sodium atoms were contained in 
amounts of 6 0 ppm in the powder. 

Example 3 

[0076] A film formed in the same manner as In Exam- 
ple 1 was dried, and then extraction of the surface active 
agent was carried out using an etnanol solvent. By the 
X-ray difTractomoLry, the film obtained was found to re- 
tain a structure ot periodic arrangement having a spec* 
ing of 36 nm after the extraction, simaarry to Example 
1 . As a result of measurement of a film thickness by a 
film thickness meter, the film proved to have a uniform 
thickness of 0.2 (un. in tho moisture adsorption tost of 
the film, the weight Change was substantially 0 % by 
weight, and this film proved lo be a porous film having 
high water repeiiency. 

[0077] Then . the fitm was saturated with water and al- 
lowed to adsorb water in a hum«d«ier at 40°C for 24 
hours, followed by heating undoi vacuum. The amount 



of water liberated by the heating under vacuum was an- 
alyzed by a O-mass. As a result, water liberation was 
not observed, and from this, it was confirmed that water 
was not substantially adsorbed inside the fWm pores. 

5 

£xample_4 

[007$] Several droplets of a precursor solution pre- 
oared in the same manner as In Example 1 were placed 

to one surface of an acetyl cellulose fltm> and the acetyl 
cellulose film was rotated at 2000 rpm for 10 seconds 
to form a film on the acetyl cellulose film surface. After 
drying at room temperature, the acetyl cellulose film was 
c5ssorved with methyl acetate to obtain a transparent 

15 self-supporting film. By the X-ray dWtractometry, the self • 
supporting film obtained was found to have me same 
structure as that of Example 1 . 



Example _5 

roOTSJ A film was lormod in the same manner as in 
Example 1, except thai the amount of cetyltrlmethylam- 
monium Ohio ride was changed to 1 .75 g from 0-95 g. By 
tho X-ray diff ractomotry. the film obtained was found to 
have a periodic cubic structure. In the moisture adsorp- 
tion test of the film, the weight change was substantially 

0 % by weight, and this film proved to be a porous film 
having high water repeiiency 

[0080] Then .the film was saturated wit h wato r And al- 
lowed to adsorb water in a humidifier at 40"C for 24 
hours, followed by heating under vacuum. The amount 
of water liberated by the heating under vacuum was an- 
alyzed by a Q-mass. As a result, water liberation was 
not observed, and from this, It was confirmed that water 
was not substantlalfy adsorbed inside the film pores. 

Example 6 

[0081] A film was formed In the sama manner as In 
Example 1 , except that the amount of cetyltrimethyiarn- 
monlum chloride was changed to 0.75 g from 0.95 g. 
Although e regular structure was not confirmed by the 
X-ray diffractometry, U was confirmed from a sectional 
photograph ot the film thai the film had a structure of 
43 worm-like arrangement. In the moisture adsorption test 
of the film, the weight change was substantially o % by 
weight, and this film proved lo be a porous film having 
high water repeiiency. 

|DOfi2] Then , the film was saturated with water and el- 
60 lowed to adsorb water in a humidifier at 40° C for 24 
hours, followed by heating undor vacuum. The amount 

01 water llboratod by the heating under vacuum was an- 
alyzed by a Q-rnflss. As a result, water liberation was 
not observed, and from this, It was confirmed thai water 

55 was not substantially adsorbed inside the film pores . 
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Example 7 

[0083] Tetraerhoxysllanc (10.0 g). triethoxyfluorosi- 
lan© (0.5 g) and cthanol (50 ml) were mixed and stirred. 
To the mixture, 1 0 ml of 1N hydrochloric acid and 10.0 
ml of water were added, followed by further stirring for 
1 nour. Then, the mixture was mixed with a solution of 
2.8 g of a polyfalky lene oxide) block copolymer (Pfu ronic 
P123, available from BASF, 

HO(CH 2 CH 2 0) 20 (CH 2 CH(CH 3 )O) 70 (CH 2 CH 2 O) Z0 H) in 
60 ml of ethanol. After stirring lor 2 hours, a transparent 
homogeneous precursor solution was obtained. Several 
droplets of the precursor solution were placed on a sur- 
face of a glass plate, and the glass plate was rotated at 
2000 rpm fori 0 seconds to Torm e 1 lim on the glass plate 
surface. 6y the X-ray drffrattDmetry, the film obtained 
was found to have a structure of periodic arrangement 
having a spacing of 5 .4 nm. By the X-ray dfftractomotry, 
further, (he riim w«j& found to retain a structure of periodic 
arrangement having a spacing of 5.0 nm e*en after dry- 
ing and then calcining at 400*C, and il was conllrmed 
from a sectional photograph of the film that the pores 
had a hexagonal arrangement structure. As o result of 
measurement of a film thickness by e film thickness mo- 
tor, the film proved to have a uniform thickness of 0.1 
jim. In the moisturo adsorption lest o1 the film, the weight 
change was substantially 0 % by weight, and IhiS film 
proved to be a porous film having high water repoBcncy. 
[0084] Then, the porous fl Im was e atu rated with water 
and allowed to adsorb water in a humidifier at 40*C for 
24 hours, followed by heating under vacuum. The 
amount or water liberated by the heating under vacuum 
was analyzed by a Q-mass. As a result, water liberation 
was not observed, and from this, it was confirmed thai 
water was not substantially adsorbed inside the film 
pores. 



Example fl 

[0087] A precursor solution prepared In the same 
manner as in Example 7 was subjected to spray drying 
5 to obtain a dry powder. By the X-ray dlff ractomotry, the 
powder obtained was found to have a structure of peri- 
odic arrangement having a spacing of 5.3 nm. By the X- 
ray dlffractometry, further, the powder was found to re- 
tain a periodic hexagonal structure having a spacing of 
4.9 nm even after drying and then calcining at 400*C. 
Moreover, rt was confirmed by the elemental analysis 
that fluorine atoms were present in the powotor in 
amounts ol 1 .36% by weight end the amounts of sodium 
aioms were below the limit of detection (below 10 ppb). 

Exampte 9 

[00SSJ A film formed in the seme manner as In Exam- 
ple 7 was dried, and Lhon extraction or Lhe surlace active 
agent was earned out using en ethanol solvent. By the 
X-ray dlffractometry. the film obtained was found to re- 
tain a structure of periodic arrangement having a spac- 
ing of 5.4 nm ener the extraction, similarly to Example 
7. As a result of measurement of a film thicknoss by a 
fifrn thickness meter, the film proved to have a uniform 
thickness of 0.1 jim. In the moisture adsorption test of 
the fllm : the weight change was substantially 0 % by 
weight, end I his Him proved to be a porous film having 
high water repel lenCy. 

[0089] Then, the film was saturated with water and el- 
towed to adsorb water In a humidifier at 40*C for 24 
hours, followed by heating under vacuum. The amount 
of water liberated by the heating under vacuum was an- 
alyzed by a O-mass. As a result, water liberation was 
not observed, and from this, it was confirmed that water 
was not substantially adsorbed inside the film pores. 
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Comparative Example _3 

[0085] A film was formed on a glass plate in the same *w 
manner as in Example 7, except that triethoxyffuorosh 
fane was not added. By the X-ray dfflractomeuy, the film 
was found to have a structure of periodic arrangement, 
end it was confirmed from a sectional photograph of the 
film that the pores had a hexagonal arrangement struc- ** 
lure. In the moisturo adsorption test Of the film, the 
weight gradually Increased, and a weight chango of 9 
% by weight was observed after the completion of 2o 
times of the operations. From this result, It was con- 
firmed that the film had poor water repellency and weler 
was adsorbed by the film. 

[ODQfi] Then , the porous film was saturated with water 
and allowed to adsorb water in e humidifier at 40*C tor 
24 hours, followed by heating under vacuum. The 
amount oi water liberated by the heating under vacuum $s 
was analyzed by a O-mass. As a result, water liberation 
was great, and from this. It was confirmed that water was 
adsorbed inside the film pores. 



Example 10 

[0090] Several droplets of a precursor solution pre- 
pared in the same manner as in Example 7 were placed 
on a surface of an acetyl cellulose film, and the acetyl 
cellulose film was rotated at 2000 rpm for 10 seconds 
to form a film on the acetyl cellulose film surface. After 
drying at room temperature, the acetyl cellulose film was 
dissolved with meinyi acetate to obtain a transparent 
solf-supportlng film. By the X-ray dlffractometry, the sell* 
supporting film obtained was found to have the Bame 
structure as that of Example 7. 

Example 11 

[0091] Several droplets of e precursor solution pre- 
pared in the same manner as in Example 1 were placed 
on e low-resistance p type silicon wafer for dielectric 
constant measurement, and the silicon wafer was rotat- 
ed at 2000 rpm for 10 seconds to form a film. By the X- 
ray diff ractometry, the film was found to retain a strue- 
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rure of periodic arrangement having a spacing of 2.9 nm 
after calcining at 400°C. and it was confirmed from a 
sectional photograph of the film that the pores had a 
hexagonal arrangement structure. 
[0092] Then, front and back surface electrodes were 
formed by deposition, and e dielectric constant was 
measured in a nitrogen atmosphere under the condition 
of a frequency of 1 MH2. As e result, the mean dielectric 
constant was 2.4 in the 10-point measuring method. 

Comparative Example 4 

[0093) A dielectric constant ol a porous silica fifm ob- 
tained in the same manner as in Comparative Example 
1 was moasurod. The measurement was made in me 
same manner as in Example 11 . As e result, the dielec- 
tric constant was 3.5. 

Example 12 

[0094] Several droplets of a precursor solution pre- 
pared in the tame manner as in Example 1 were placed 
on a surface of a silicon wafer of a translator provided 
with a source/drain region and e gate olectrodo, and trie 
transistor was rotated at 2000 rpm for 10 seconds to 
coat the silicon wafer wflh the precursor solution. There- 
after, the coating film was heated at 400*C for 1 hour in 
a nitrogen atmosphere to obtain a layer insulation firm. 
A sectional photograph of tho layer insulation film wae 
observed, and as a result, it was confirmed that the layer 
Insulation film was a porous silica film having a spacing 
of about 3 nm and having pores with a periodic hexag- 
onal arrangement structure. 

EFFECT OF THE INVENTION 



thAi the water-repellent porous silica Aim is particularly 
useful as a layer insulation film ol a semiconductor or 
the like. 



Claims 

1. Water-repellent porous silica having unllomn pores, 
which contains fluorine atoms fixed in the silica skel- 

io eton through covalent bonds and has an alkali metal 
content of not more than 1 0 ppb. 

2. Tho water-repellent porous silica as claimed in 
claim 1 , wherein the fluorine content in the silica 

is skeleton is In the range of 0.3 to 15.0 % by weight. 

3. The water-repellent porous silica as claimed in 
claim 1 or 2. which nas pores having a mean pore 
Size ol 1 .3 to 1 0 nm and has a periodic crystal si rue- 

20 aire of hexagonal system when examined by X-ray 
diffract ometry. 

4. The water-repellent porous silica aa claimed In 
claim 1 or 2, which has pores having a moan pore 

S3 S i2g of 1 .3 to 10 nm and has a crystal structure of 
irregular arrangement. 

5. A process for preparing the water-repeitent porous 
silica of any one of claims 1 to 4, comprising tho 

so steps of partially hydrofyzlng a fluorine-containing 
trialkoxysiiane represented by the following formula 
and a tetraa&oxysilano under acidic condition, then 
drying a solution resulting from the hydrolysis and 
mixed with a surface active agent, and performing 

35 calcining or extraction; 



[0095] A water-repellent porous silica having uniform 
pores, that is applicable to a light functional material or 
an electron function aJ material, and a process for pre- 
paring the water-repellent porous silica can be provided 
by the present invention. 

[0096] The water-repcliom porous silica film accord- 
ing to the present invention can retain a periodic struc- 
ture of pores by virtue Of its water repel lency. and as a 
result, the dielectric constant can be lowered. Therefore, 
the water-repellent porous silica film Is favorable as a 
layer insulation film. 

INDUSTRIAL APPLICABILITY 

[O097] The water-repellent porous sifica film of the in- 
vention can retain a periodic structure of pores by virtue 
of fts water ropeltency, and has an alkali metal content 
of not more than 10 ppb. Hence, the weter-nepollont po- 
rous silica film is applicable to a catalyst carrier, en ad- 
sorbent, a tight functional material, en electron function- 
al material and the like. Moreover, by virtue of the water 
repellency, the dielectric constant can be lowered, so 



(ZO) 3 SIR 

40 wherein 2 is methyl, ethyl, n-propyl, i-propyl, n- 
butyl, t-butyf , i-butyi or sec-butyl, and R Is a fluorine 
atom, (CH J j) D {CF 2 ) b (0(CF2) q ) d X (X is a fluorine at- 
om, OCF 3 . OCF(CFa) 2 . OC(CFg)3, an alkyi group 
or a phenyl group, a is a number of 0 to 3, b is a 

45 number ot o to 3, c Is a number of 1 to 3, and d is a 
number of 0 to 3) or C 6 H e F iS ^j (a Is a number of 0 
to 4). 

6. The process for preparing the watot-repeOent po- 
se roue silica as claimed in claim 5. wherein the solu- 
tion is dried by spray drying. 

7. The process for preparing the water-repePent po- 
rous silica as claimed in claim 5orfi. wherein the 

55 fluorine-containing trialkoxysiiane is triethoxylluor- 
osiiane 

&, The process for preparing the water-repellent po- 
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rous silicons claimed in ciftlm 5 or 6. wheroin the 
tetraaltawysilane le totraethoxysilane. 

9. The process for preparing the water-repellent po- 
rous silica as claimed in claim 5 or 6. wherein the 
molar ratio of the fluorine-containing liialkoxysilano 
tothetetraaiKoxysilane is in the range of 0.01 to 1 2. 

10. The process for prepares The waiar-ropeltent po- 
rous silica bs claimed in darn 5 or 6, wherein the 
number ol moles of the surface active agent Is in 
the range of 0.003 to 1 time the sum of the numbers 
of moles of the fluorlne«containing trialkoxysilene 
and the tetraaikoxysiiane. 

11. The process for preparing the water-repellent po- 
rous silica as claimed In claim 5 or 6. wherein the 
surface active agent Is an alkytammonlum salt rep- 
resented by the following formula: 

C nH2m1 N(CH 3 ) 3 X 

wherein n is an intogor of 8 to 24, and X is a helide 
\Qfi : H$0 4 - or an organic anion. 

12. The process for preparing' me^atot?e|^Nem po- 
rous silica as claimed In claim 5 or 6. wherein the 
surface fteth/e agcnl is a compound having a poly- 
alky I ere oxide structure. 

13. A film comprising the water-repellent porous silica 
Of any one of Claims 1 to 4. 
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17. The precursor solution for lormihg water-repellent 
porous silica as claimed In claim 16, wherein the 
molar ratio of the fluorine-containing trlalkoxysilane 
to the tctraalkoxysliane is in the range of 0.01 to 1 2. 

18, The precursor solution for lorming water-repellent 
porous silica as claimed in claim 16, wherein the 
number of moles of the surface active agent is in 
the range of 0.0O3 to 1 time the sum of the numbers 
of moles of the fluorine -containing triafcoxysllane 
and the tetraalkoxysilane. 

19, The precursor solution for forming water-repellent 
porous Silica as claimed in claim 1 6, wherein the 
surface active agent Is an aUcylammonium sen rep- 
resented by the following formula: 

C n H 2rHl N(CH 3 ),X 

wherein n is an integer of 8 to 24, and X Is a halide 
ion, HSO4- or an organic anion. 

20. The precursor solution for forming watcr-repcltont 
porous sBica as claimed in claim 16. wherein tha 
surface active agent Is a compound having a poly- 
Blkyiene oxide structure. 



14. The film as claimed in claim 13, which has a thick- 35 
ness ot 0.01 Jim to 2.0 mm. 



16. A layer Insulation film comprising the film of claim 
13 or 14. 

16. A precursor solution tor forming water-repellent po- 
rous silica, which is obtained by partlaJry hydralyx- 
ing a fluorine-containing trialkoxysilane represent- 
ed by the following formula and a tetraalkoxyeliane 
under acidic condition and then mixing me resulting 
hydrolysis solution with a surface active agent; 



40 



£0) a SIR 

wherein 2 b mothyl, ethyl, n-propyl, i-propyt, n- 
butyl. t-butyl, l-butyl or sec-butyl, and R Is a fluorine 
atom, (CH 2 ) a (C¥ 2 ) b (O{0f 2 ) Q )^ (X Is a fluorine at- 
om, OCF 3 . OCF<CF 3 )2, OC{CF 3 ) 3l an alkyl group 
or a phonyl group, a Is a number of 0 to 3, b Is a 
number of 0 to 3, c is a number of 1 to 3, and d Is a 
number of 0 to 3) or C^F^ (e to a number of 0 
10 4). 
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